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INTRODUCT ION

The purpose of the research project dascribed in this report was
. to determine if a new X=ray diffraction technique of measuring
the state of three dimensional residual elastic strain in quartzose
rocks as described by M. Friedman [1,2] could be duplicated at
the Transportation Laboratory. Briefly, the X-ray measurements
are obtained from two polished quartzite samples (disks) cored at
right angles to each other from an oriented hand specimen taken
from outcrop. One sample is parallel to the XY pPlane of a
rectangular coordinate system related to the field orientation,
and the second sample is oriented parallel to the Z axis. The
orientation and magnitude of the principal strain axes are calcu-
lated by computer from the seven strain components obtained from
X=ray measurements of the two disks,

Dr, Friedman's published articles describing the procedures and
conditions for making the measurements were carefully studied and
the technique followed asg closely as differences in equipment, and
the details given in the published material, pemmitted. The two
papers by Dr. Friedman [1,2] describing the techniques are readily
available., Therefore a complete description of the new method is
ot repeated herein. However, to aid in understanding the purpose
and need for the work that was done on the research project, the
abstract from Dr. Friedman's paper (1967) is presented by the
followings

"A new X-ray diffraction technique is described to measure the three-
dimensional state of residual elastic strain in quartzose sandstones.
The sample consists of any two, polished, 2-inch diameter, sandstone

- disks cored at right angles to each other from an oriented hand
specimen taken from outcrop. One of the disks is oriented parallel
a to the XY plane of a rectangular coordinate system related to the

field orientation, and the second disk is oriented parallel to the
Z axis. The d-spacing (corrected for @-dependent factors) for
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' [32541 in quertz is determined by computer analysis of fixed-
count data obtained by step-scanning the diffraction profile.
The strain component parallel to a given direction in space is
obtained by comparing the measured d-spacing along that direction
with that of strain-free material, i.e., (dObS d )/d Ee
From study of the XY disk strain components are determlned parallel
to the Z axis and along a number of directiong inclined at 45°
to the XY plane. These are corrected for strain relaxation perpen-
dicular to the XY plane (caused by preparation of the disks) by
the component of stra;n parallel to the % axis as determined from
the second disk. Orlentatlons and magnitudes of the three principal
strain axes are calculated via computer from any five of the cor-
rected strain composents inclined at 45° to the XY plane and the
‘undistorted value of strain along the 2 direction.
"Results to date in study of sandstones deformed during Late Creta-
ceous indicate that the residual strains were locked in these rocks
at the time of deformation. Strain magnitudes in excess of
400 x lo-sii 20 x 10™°% have been recorded."
The existence of reeidual elastic strains (stresses) in some rock
' masses has been conclus;vely demonstrated and the magnitude of
these stresses, as measured in quartzites, granites, and sandstones,
can be large [21. A special bias of the X~ray technique is that the
residual strains stored in the graing (quartz) are measured
preferentially to those in the cement. The special advantage of the
new technique is that a general solution of the three dimensional state
of residual strain is permitted when the principal planes are unknown,
" as in naturally deformed rocks, and the measurements can be obtained
from small oriented‘saﬁples taken from outcrop. Although the method
does not seem to have practical value for highway construction at the
bPresent time, continued research may discover new applications for
this technique.
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The measurement of residual elastic strain at the Transportation
Laboratory was envisaged as the first phase of a two-part project,
that if successful, might make it pessgible to predict the |
orientation of joint planes in some rock masses prior to
excavation. This information or the orientation of joint planes
would have been incorporated into the Blope design. The proposed
second phase, the determination of the relationship between the
direction and magnitude of the principal strain axes and the
orientation of the joint planes, will not be attempted because
computer analysis of the gtrain measurements did not uniquely
define the directions of the greatest and intermediate axes.
Another possible application for the information on residual
strain in a rock mass would have been to identify seismic
refraction velocities that were anomalously high, This knowledge
would be beneficial for estimating the excavation characteristics
of the rock mass.

Numerous delays encountered in pursuing the project were caused by
routine work requirements, shared use of the diffractometer, and
difficulty with the computer program.

The cost of detexmining the magnitude of the residual elastic
strain and the directions of the three principal planes by X~ray
diffractometry is considerable because of the time required. This
can be'réduced however, by automatic printout of data, more
experience with the computer program and data interpretation, and
procedural standardization. The reliabiliﬁy of these data obtained
(and the derived solution) is very dependent on properly aligned
equipment, sample temperature control,. and awareness of the
pérsonnel'making the study of the need for close attention to

= procedural details. The possibility of numerical errors being
made during the recording, correcting, and calculating of these data
~ is ever present. If undetected, such errors would yield erronous

and possibly misleading solutions.
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CONCLUSTONS

Although the findings from this study have no known immediate
practical application to the design and construction of highways,
on=-going and futurelfeSearch efforts may find useful correlations
between the residual elastic strain and other measurable engineering
pr0pert1es of rock masses [4].

The residual elaStiGEStrain in gquartzose rocks can be measured at
the Transportation Laboratory by the X-ray diffraction technique.
Hdwever, some modifications to the existing eguipment, and some
additional equibmént} would be required to efficiently obtain
consistantly accurate 26 measurements.,

a Temperature'control §f the saﬁple, a better method of positioning
thé;sample in the X-ray béam,.and automatic data printout, are the
minimum addltlonal equlpment requlrements for accurate and effi-
‘clent data acqulsltlon.

A thorough undérstanaing of the computer program is essential, To
understand the compdﬁer program, the programmer must understand the
basic assumptions of the technlque, and how the data were obtained.
The relat1Ve merits of the “mld~p°1nt“ method (p.12) versus the nth
order polynomlal computer analys;s {(uged by Dr., Friedman} to find

the “peak“ 26 value is difficult to evaluate; the "mid-point" method

is much less_complex to program, and this method was used.

The sample requmrementa are restrictive, e.g., the residual elastic
strain can only be measured in rocks with a high content of granular
quartz. Further, the reaidual strain digtribution within the
aggregate (quartz grgins) must be at least gtatistically homodgeneous,
éo_that the X-ray measurements from different locations within the
two surfaces can be meaningfuily combined [1].
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RECOMMENDATIONS

A recommendation for implementation, or for continued investigative
efforts is not warranted at the present time. Recent studies by
Friedman [4] in cooperation with the U,S. Bureau of Mines found
correlations between the condition of residual elagtic strain and
the engineering properties of gome massive rocks, Thus, on-going
and future étudies may find a correlation, or direct engineering
application of value to highway congtruction.,
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IMPLEMENTATLON

Although the X-ray diffraction technique of residual elastic strain
measurement in rocké does not appear applicable at present to
highway constructlon, knowledge of residual strain values does
appear to have practical application, though indirectly, for undex-
ground excavations in granitic rocks. A recent study by Friedman
and Bur [4] found that in granitic rocks a good correlation exists
between ultrasonic attenuation and velocity fields, and the residual
strains measured by X-ray diffraction. Therefore, the possibility
exists that sonic probing alone may yield much of the infommation
required for rapid underground excavation. Friedman and Logan [5]
had previously noted that for certain loading conditions the state
of residual elastic strain in quartzose sandstones controls the
orientations of induced tensile and shear fractures.

A considerable body of knowledge now exists concerning the nature
of residual elastid‘strain in rocks, and a precise method of
measurement has been designed. It seems assured that continued
efforts by the invéstigators working in this field will disclose
new areas of practical application. The method is limited fox
general appl;catlon for at least the following three reasons:

(1) the stradin can be measured only on granitic rocks, guartzites,
and gquartzose sandstones, (2) few problems will be encountered in
highway construction that will justify the considexable expense of
obtaining the orlentatlon and magnitude of the principal strain
axes by X-ray dlffractometry, (3) it will be difficult to retain
the expertise that 'is needed to obtain accurate data and to derive
a reliable solution; and (4) therxe is no assurance +hat the sample
selected for the strain measurements will yield an unegquivocal
solution, i.e., the magnitude and direction of the three principal
strain. axes.
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TESTING PROCEDURE

Equipment

The basic equipment used was a General Electric XRD-5 diffracto—
meter in conjunction with Ortec detector control components (pulse
height analyzer, ratemeter, dual counter/timer, high voltage

power supply). Copper radiation with line focus was ccllimated
by a 1° beam slit, a medium resolution Soller divergence glit, and
an 0,2° receiver slit, A filter was not used., A time constant of
3, 35 KVP, and v 35 MA were used. ’

A General Electric residual stress device was used for translating
the counter tube onto the new focusing circle that is generated
when the sample is rotated to the 45° positions [l]. A rotating
sample holder and stage was included as part of the G.E., residual
stress measurement package. The installation, operation, and
maintenance of the residual stress device is fully described in
General Electric Direction 12834C; Code 3-2166, a G.E. X~ray
Department equipment manual. This equipment is shown installed

on the spectrogoniometer in Figure one. Tt is absolutely necessaxry
to precisely align the spectrogoniometer first, as indicated in the
instructions, before aligning the translating device. After properly
installed, the device remained in alignment and performed very ' . -
satisfactorily.

The equation for determining the correct positions of the detector
for various rotation angles (¥) of the sample is given by Noxrton
[10]. Special note should be taken that for a 45°¢ c¢lockwise rotation
of the sample, ¥ = 315°, This places the beam divergent point (R)

. at 9.27 inches, a distance much greater than the maximum 5.98 inch
range of the translating device. For this study the distance of

. R (3,54 inches) for the 45° counterclockwise gample rotation was
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FIGURE 1
General Electric XRD-5 goniometer with sample
holder and‘residual stress device attached.

&maintainedxfor both 45° positions. Satisfactory peak intensities

were obtained with the sample in this position even though -the
detector was not on the focusing circle. The source to specimen
diStance.(Rb)-for'the'G;E. XRD=5 diffractometer is 5.73 inches,

No problems were experienced with the sample rotating device except
for the wvery tight-fi%-into the base. This was a problem only
because . frequent removal of the sample holder wasg necessary to
analyze routine samples. To maintain maximum precision the sample
holder should not be removed until all the count data are recorded.
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‘The.scale on the body of the sample holder must be scribed at 459

on the right side of zero. This must be done with precigion to
ensure that the d-spacing measurements are made between the lattice
planes that are inclined 45° to the sample surface. .

Modeling clay was used to position the sample on the sample holder
stage., Modeling clay has the‘advantage of cleanness, and can be
reused almost indefinitely. Also, the sample can be repositioned
with a minimum of difficulty. However, the accuracy with which
the sample can be correctly placed in the X-ray beam varied ag
much as 0.07° 26 as measured by the pogition of the 26,64° 29
quartz diffraction.beak on the chart recorder. The'accuracy
desired was + 0.01°, Such small differences between successive
sample positions are difficult, if not 1mposs;bla, to detect by
visual inspection of the contact between the’ sample and the post
A visual inspection will, however, eliminate gross misalignment

of the sample. Another recourse for diminishing the observed
differences in 20 between Successive sample positions is trial-~
and-error repositioning, but this ig a vary tlme-consumlng procedure.

The lack of a shutter device for the tube port on the G.E. XRD-5
diffractometer necessitates a tube warm-up period of approxlmately
one~half hour each time the sample is repositioned. This makes
even longer the lengthy process of count data acquisition., A

new shutter device manufactured by the Diano COrporatlon for use on
the G.E. XRD-5 does not permit continuocus tube operation without
by-~passing the "fail safe" cover shield, a practice that could
expose a careless operator to hazardous radiafion.

Automatic printout for recording the fixed count data would eliminate
the time required to record the counts manually. Lacking this
capability the stepping motor purchased for the research project was
not used,
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The Ortec detector électroniés, the Bicron detector, and the

General Electric radial support assembly that were installed

on the diffractometér to facilitate the research project, all
perfomed very satisfactorily.

Temperature control of the sample is essential for residual
elastic strain measurements in quartz. To obtain accurate and
consistent d-spacing measurements the sample temperature should
not vary more than 1°C, The thermal expansion of quartz is such
that a 1°C change in the temperature will cause a 0.1° change in
the 28 angle [13]. "The room at the laboratory in which the
diffractometer is located is not temperature controlled and tem—
perature variétions of 7°F may occur from day to day, or even from

"morning to afternoon. This difficulty could not be corrected and

it must be assumed that the fixed count data reflect some degree
of inconsistency caused by variations in temperature.

Sample

The oriented hand specimen wés obtained from the Lakeview quartzite

quarry (now Premier Enterprises) located about five miles east

of Lone Pine, California. The steeply dipping beds of almost pure
quartzite have been exposed along the strike by the quarrying
6peration (see Figure 2); Four or iented specimens large enough

for coring were pried from the free face formed by a smooth

bedding plane. 0103ely spaced joint planes at nearly right angles
to thé-plane‘of the'bedding made the task of obtaining the specimens

easier than was anticipated. -

At the laboratory thé specimen selected for coring was carefully

leveled, oriented, and encased in a 18" x 18" x 18" block of
concrete. Two cores two inches in diameter were cut from the specimen

10
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"FIGURE 2
Steeply dipping quartzite beds at the
‘Lakeview Quarry

(see Figure -3) one perpendicular to the X¥ plane, and one per-
pendicular to the z'axis‘oﬁ a rectangular coordinate system that
relates the specimen to the field orientation., A 2-inch diameter
disk was cut from each core, one (lst disk) parallel to the XY
plane and the other (2nd disk) parallel to the % axis of tha cOOr=
dinate system. The disks were carefully marked for orientation
and the surface to be irradiated was ground to at least 0.l inch
away from the saw ocut using 400 and 600 mesh abrasive., After
polishing, the thickness was approximately 0.3 of an inch.

The d~sgpacing for strain free quartz (du) is deternmined from a

powder sample prepared from the rock specimen [1].  The powder

sample- was prepared by mixing quartzite powder passing 200 mesh
with catalyzed polyester resin and casting as a solid disk (see
Figure 4). 'The quartz powder to resin ratio is not ceritical,

11
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 FIGURE 3
o Metpodgdf obtaining the cores from
U ' which the disks were cut.

_but should be estimated visually at about 90 to 10 by volume.

“hThe size of-the diSk should be approximately the -game as Ehose
cut fromjthe_coreé. The surface to be irradiated must be flat
and may require some polishing.

1z
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FIGURE 4
Disk prepared from
polyester resin and quartz powder

Data Acguisition

The fixed count data were obtained by step-scanning at 0.5% 26
intervals across the diffraction peak and reeqrding.a,sozsecond
count at each interval., For each direction of meagurement the
counts for three separate peaks are récordedrand averaged. The
average of the counts is used to fin& the‘“peakﬁ‘ze value. for
each direction in which measurements were made. Automatic
‘print-out capability was not available and the counts were
recorded manually on prepared~forma.

13
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' The quaﬁtzite fabric was coarse—grained and a search to find an
area of the surface with correctly oriented grains for the given
direction of measurement was usually necessary. The peaks varied
greatly in intensity between irradiated areas of the gurface, and
those of very low intenaity werea not used. The procedure followed
was to locate a suitable peak visually on the strip chart recorder,
then scan the back reflection region from about 151.50° to 154° and
select a suitable plabe between 151,50° and 152.50° to make a back-
ground count (average of 3 counts). The search for an acceptable
peak together with the attendant repositioning of the sample usually
required more time than recording the counts,

The count data areicoirécted-for lorentz, polarization, and
abéorption factorsfflh]}'énd the "peak" 26 values are determined
by a mid=-point method computer program. The d=spacing for each
of the directions meésured (both diaks) are then found £rom any
table of d-spacings for copper Ko 1,2 radiation. The seven strain
components E_ to Eg and E, are calculated from the equation:

- &2 Ei‘tll v

" where (Ei) ig the strain component along a given direction in the
sample {(lst disk) normal to the diffracting planes. The orien~
tation of the strain componénts with respect to the coordinate

axes and the disk surface is the same as shown in Figure 3,
Friedman [l]. The adjustment for the relaxation of strain parallel
to the Z axis, E) [1], that must be made to the calculated strains
is derived from the equations of Murray and Stein [9]. In the
computer program this adjustment is referred to as the gamma
correction; its computed value is 1l0.l x 10"6. Thisg numerical
‘value of the adjustment obtained from the equations, is superposed

on the unadjusted Ea-to Eg and E, values by the computer program,

14
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- The publication by Murray and Stein ig not in general circulation
and copies of the required pages were obtained from Dr. Friedman;
the University of Kansas Library also has a copy available for loan
upon regquest from other libraries.

i
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“* PRINCIPAI, STRAINS

The computer program uses the data shown in Table 1, and from this
input data the computer derives six solutions for the principal
strains, and plots the direction cosines of the principal strain axes.
To obtain the orientation of the principal strain axes the direction
cosines are converted to degrees and the X, ¥, and Z coordinates

for six solutions of El' E, and E3 are plotted on an upper hemis-
phere projection of an equal area stereogram. A separate plot is
made for each of the six solutions, and the points from each plot
transferred to a composite lower hemisphere pro;ectlon as shown in
Figure 5; the plane of the figure is perpendicular to the bedding
planes. The plots for the six solutions (annotated to clarify
method of plotting the X, Y, % coordinates) are shown in the
Appendix.

Six solutions for the ﬁrincipal strains and the average strain values
are given in Table 2, Tensile strains are pogitive, compressive
' strains are negative. The magnitude of the straing as compared to
those found by Dr. Frledman dre very large. The values are so large
that one may gquestion their accuracy. If they are inaccurate, the
‘'source of the problem is unknown. The fact that all of the values
are large suggests to the author that they may be accurate. Such
.large values cannot be ascribed to the temperature problem inasmuch
as a temperature change of 3.3°C (7°F; maximum observed) causes a
plus or minus change of only .,000045 i between 153,50 - 153,60
degrees 20. This amount of d=-spacing change is, however, sufficiently
large to change the sign.of the strain values for E and B 2t and may
in part account for the variations in atraln between E Ef. The
variation in the magnitudes of the respective prlnclpal axes for
each of the six solutions suggests an inherent heterogeneity in
strain magnitudes within the sample, or as stated by Dr. Friedman,
"the basic assumption calling for no, or only uniform, partial
relaxation within and between surfaces is not wholly wvalid",

le
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Significance of Data

The data shown in Figure 5 are gignificant for the following reasons

* (1) The rather tight grouping of the least strain axes near the

center of the diagram; (2) The greatest and intermediate strain
axes, although widely scattered in direction, are very nearly in the
same plane —~ a plane that is almost at right angles to the mean
position of the plane containing the least strain axes. The reason
for the scatter in direction of the greatest and intermediate gtrain
axes of more than 180° is not understood. The grouping of the least
strain axes about the Z-axis (strike of beds) of the stereogram
suggests there is some relationship between the axes and the geolog—
ical framework. However, a more precise statement concerning the
relation of the principal strain axes to the gaologigal framework
cannot be made because of the wide directional scatter of the other
two axes, '
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Principal Strains Direction Cosines
Solution One '

B, = 1092.3 .85531 =, 46987 ~-.21833
E, = ~17.6 .00154 o 42371 ~.90580
Ey = -46.0 .51811 .77440 .36313

Sclution Two ,
o B, = 261.9 -.07301 =.93006 T =~.36007

Ey = =520,9 .89553 ~,22004 .38679

Solution Three

E; = © 1087.9 .46173 =.86599 15200
E, = _ -3.2 . 37404 =-,00618 _ -.92739

Solution Four :
El = 236,.4 « 25408 .12304 -27311

E, = 99,7 .20224 40797 ~-.89031

Solution Five

B = 783.3 70042 -.71336 ~.02302
Ez = 71.0 ’ .21917 . -018427 —095813
E, = 416.9 .67925 ~.67613 | .28541

Sclution 8ix

B, = 497.9 -, 66446 ~.69446 - ~.27608
E, = -57.4 .64764 -.71943 .25094

Average Principal Straing in Microinches Per Inch

Ei = 659,95 E2 = 41.90 E3 =7—264.40

» Table 2. Principal Strains and the direction cosines solved for six
quadric surfaces. The average principal strains is also given.

19
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Dip direction

" “FIGURE 5

Sterogram showing orientations and average magnitudes of the
greatest ( ), intermediate ( ), and ‘least ( ) principal strain
axis. The plane of the diagram is perpendicular to the bedding
with direction of dip as shown. The data are plotted in equal
area lower hemisphere projection. The mean position of each of
the axis is indicated.

20
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APPENDIX

Plots for each of six solutions of the principal strain axes,
annotated to show method of plotting., The points are plotted on
the upper hemisphere of an equal area stereonet. Note that the
composite stereogram, Figure 5, is changed to lower hemisphere,
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INTRODUCTTON

In 1965, California adopted the system of raised pavement markers

for all freeways and a majority of secondary roads. A standard

set epoxy adhesive initially used to bond the markers to the

pavement, although adequate in performance, was much too slow

curing. This resulted in long lane clogsures which were hazardous

in areas where markers were applied to heavily travelled highways.

Also, marker installation at temperatures below 50°F was almost

» impossible. To alleviate the long lane c¢logures and permit

' markers to be applied at temperatures down to 40°F, the Transportation

Laboratory developed an initial rapld setting epoxy adhesive
designated as 68-F-44,

Performance of thlB adhesive when applled by markexr. placement
contractors, under field conditions using automatic mixing
machines, lead to a considerable number of adhesive failures.
A substantial portion of these failures could be traced to
improper proportioning and mixing of the epoxy components but
failures also oc¢curred when mixing and proportioning were
apparently within specification limits.

Field complaints about the pumping consistency and difficult
mixing and proportioning, especially at temperatures around
50°F or less, led to several changes in filler loadings,
flexibilizers, and reactive diluents. This report covers
the work done in an attempt to improve both the adhesion and
flow properties of the oxiginal rapid set adhesive.
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cONCLUSIons

The shortcomings of: the first fast setting epoxy adhesive
formulated for pavement marker application have been over-
come. The falling ball impact strength of the original
formula was about 2:ft.lbs. The percent linear shrinkage
of the original formula was 0,0144%. The revised formula,
721-80=~42, has an impact strength of about 9 ft,lbs. and a
shrinkage of 0.0002%. S

The use of a small amount of O-cresyl glycidyl ether as a
reactive diluent in ‘the A component and the use of resgin
grade asbestos in both components, have resulted in the
required viscosity and thixotropy necessary for good
application properties both at low temperatures and at
high temperatures. ' -

We have no reports of failures in the field which can be
attributed to poor physical properties of this adhesive in
over two years of use, : ;
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IMPLEME‘NTATIQI@T -

Improvements made in the originai rapid set epoxy adhesive
formula 68-F-44 have been written into the current specifi-
cations 721-80-42, This adhesive system is being manufactured

on a contract basis and used whenever conditions require a
- rapid setting marker adhesive.
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EFFECTIVE SHRINKAGE

High shrinkage rates, primarily during the gelation stage, lead
to glue line stresses of considerable midgnitude. The rapid set
adhesive, 68~F~44, exhibited much higher effective shrinkage
than did the slower setting standard epoxy, i.e., 0.0144%,
compared to 0.0002% for the standard set epoxy. This was
considered to be one of the prime factors contrlbutlng to gome
of the marker losses.in road service, egpecially where the
failure had occurred_at the glue line interface between the
bottom of the marker: and the epoxy adhesive.

The percent effectlve shrinkage was measured by the glass bow
method and is desceribed in the Appendix,

Table 3 shows the effect of various amcunts of certain fillers
on the percent shrinkage. Filler loadings do not appear to
affect the shrinkage to any appreciable extent. The reactive
system with LP3 has thé greatest effect on the shrinkage.

The polysulfide polymer LP3 Thiokol shows a pronounced improve-
ment in lowering the shrinkage at 35 phr (parts per hundred

of resin).

a
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Impact strength of the first rapid set adhesive, 68-F-44, igs
about 2 f£.lbs. The test is basically a gravity impaction of
a one pound steel ball on a cured specimen 0.30-inch thick
and 1.75 inch in diameter., Examination of Table 3 shows the

* effect of the LP3 polysulfide polymer and Mobisol 66 on the
impact strength, o _ _
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THERMAL CYCLING -

Some indication of glue line stability,was;obtained by covering

the bottom of a ceramic marker buttdn with an epoxy layer about
1/2=-inch thick, curing 24 hours, and then cycling the button
from -10°F to 77°F, &bout 4 hours at each temperature., The
adhesive, 68-F-44, with high shrinkage and low impact resistance
usually separated at the glue line between the epoxy and the
bottom of the ceramic marker after less than 4 cycleg. The low
shrinkage, high impact resistance formula with 35 phr LP3
Thiokol, after 8 cycles, showed no signs of glue line gepara-
tion or spalling. Although this is an empirical test, we
believe it has some correlation with road performance and
adhesion, especially with regard to the hard line at the
marker/pavement surface.
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FLOW PROPERTIEE -

Pavement marker epoxy adhesives usually are proportioned, mixed,
and extruded by automatic mixing equipment. Flow properties

of adhesive, i.e., viscosity and thixotropy at various _
temperatures, are important not only for proper proportioning,
mixing, and extrusion, but also to prevent excessive flow of
the extruded adhesive from under the marker when placed in .
position in the roadway. -

Two thixotropes have been'uséd in the rapid set system, Thixatrol
ST, a hydrogenated castor oil, and RG-144, a resin grade asbestos.

Initially, the rapid set adhesive contained RG-~144 asbestos for
flow control, and it performed satisfactorily. Next, Thixatrol
ST was tried as a replacement for RG~144 in the laboratory mixes,
although heating of the batch to at least 1l60°F was necessary to
dissolve it. Actually the adhesive had to be heated during
manufacture to facilitate the de-aeration of each component so
that proper density could be obtained. This formulation pumped
and mixed easily, and at first it was thought that it might be
superior to RG-144 since it gave a "gmoother" product rather

than a slightly granular structure obtained with RG-144, However,
field complaints that the adhesive was too thin and had excessive
after-drip at the extrusion nozzle required several revisions of
the formula to increase the viscosity by raising the Thixatrol
level. Formula 711-80-44 (Table 1) contained a Thixatrol level
high enough to prevent excessive run and after-drip, but

‘developed a "false set" or gelling in the shipping containers.

Gelling made loading of the mixing machine wvery difficult since
the material would not "pour" into the holding tanks. Thixatrol
8T was deleted from the next revision of 712-80-44 and RG-144
asbestos substituted. There have been no further field complaints
on the flow properties of the lastest revision, 721~-80-42,
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' $HEAR STRENGTH AND MOISTURE SENSITIVLTY

Slant shear strength, as determined by Test Method Ne. Calif. 425,
of the original rapid set adhesive (68~F-44) was about 4000 psi.
After a water soak for one week, the strength dropped to about
3500 psi. On the latest revision (721—80-42), the shear strength
-was about 2000 psi, dropping to about 1200 psi after a one week
water soak. Improvement of the impact and shrinkage properties
has meant an increase in moisture sensitivity. Long term wet
shear strength values up to two years water immersion are shown
‘in Figure 3. Also plotted on Figure 3 are water absorption
values of the epoxy adhesive. Of interest is the fact that

" after two years immersion, the shear strength was 150 psi. A

‘duplicate shear block was removed from the water and dried for
18 hours at 120°F and the strength increased to 550 psi. This
semi-reversible reaction should be an advantage in road service
where markers are seldom completely immersed and if so, for
~only short periods of heavy rainfall., However, removal of
‘markers has shown that the concrete under the marker is damp
for at least several weeks after a rainfall. Therefore, if

any failure would occur that was related to the epoxy, one

~ possible cause would be moisture sensitivity of the adhesive.
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